INTRODUCTION
============

Polyadenylation of eukaryotic mRNAs is a two-step process, which includes a specific cleavage at the 3′ end of a nascent mRNA and addition of a poly(A) tail ([@gki055c1]). Polyadenylation has impacts on many aspects of mRNA metabolism in the cell, including mRNA stability, mRNA localization and translation ([@gki055c2]). Enhanced efficiency of polyadenylation can lead to diseases such as thrombophilia ([@gki055c3]), highlighting the importance of the regulation of polyadenylation.

Both *cis* elements and *trans* factors are involved in the regulation of polyadenylation. *Cis* elements can be divided into two groups based on their relative location to the cleavage site, namely upstream and downstream elements. The most well-known upstream element in metazoan cells is the polyadenylation signal (PAS) located 10--30 nt upstream of the cleavage site. Although the AAUAAA hexamer is the most common PAS, 11 single-nucleotide variants have been demonstrated or suggested to play similar roles in polyadenylation ([@gki055c4]). PAS motifs are the binding sites for the cleavage--polyadenylation specificity factor (CPSF). U-rich and GU-rich elements are common downstream elements located 20--40 nt downstream of the cleavage site ([@gki055c5]--[@gki055c7]). They are the binding sites for the cleavage stimulatory factor (CstF) ([@gki055c8]). In addition, sequence composition surrounding the cleavage site has been found to be important for defining the site in several bioinformatics studies ([@gki055c6],[@gki055c9]--[@gki055c11]). Other factors responsible for the polyadenylation process include cleavage factors I and II (CFI and CFII), and poly(A) polymerase (PAP) ([@gki055c12],[@gki055c13]). Recently, several transcriptional factors and the RNA polymerase II enzyme have also been implicated in the polyadenylation process ([@gki055c14]). Moreover, various auxiliary elements of viral or cellular origins have been shown to regulate polyadenylation ([@gki055c12]).

It has been estimated that more than 29% of human genes have alternative polyadenylation sites \[or poly(A) sites\] ([@gki055c15]). The choice of alternative poly(A) sites is believed to be related to biological conditions such as cell type and disease state ([@gki055c16]). Alternative polyadenylation can lead to mRNAs with variable 3′ ends, or proteins with different C-termini. A growing number of genes have been found to be regulated by this mechanism. However, a public database systematically providing information on alternative polyadenylation is lacking. The availability of genomic sequences from several mammalian species as well as large numbers of expressed sequence tags (ESTs) make it feasible to comprehensively document mRNA polyadenylation configurations for genes. Although ESTs provide both sequence data and information on the biological origin of transcripts by the means of cDNA library source, they have several problems with respect to data quality, such as chimeric sequence, vector contamination and inclusion of genomic sequence. In addition, when dealing with polyadenylation, issues such as internal priming and low-quality sequences at the 5′ and 3′ ends are more palpable. Therefore, a computational approach to studying polyadenylation must take these into consideration to ensure that poly(A) sites are accurately mapped. We present here a computational pipeline that effectively utilizes genomic sequences and EST data to study polyadenylation. We applied it to human and mouse genes to build a database for polyadenylation (named polyA_DB). Currently, the database documents 45 565 poly(A) sites and various information regarding the sites, including their genome locations, evidence of cDNA/EST alignments to genomes, *cis* elements surrounding poly(A) sites, comparison of polyadenylation configuration between orthologs and tissue/organ information for poly(A) sites. Although only human and mouse poly(A) sites are currently documented in the database, the data process pipeline and the structure of the database are designed so as to make it easy to include other species in the future. This resource can be of great value to researchers interested in studying both the mechanism of polyadenylation and the gene regulation by alternative polyadenylation.

RESULTS
=======

Methods and data statistics
---------------------------

In the polyA_DB database, genes are annotated based on LocusLink IDs ([@gki055c17]). A computational pipeline (depicted in Figure [1](#gki055f1){ref-type="fig"}) is designed to accurately map poly(A) sites on genomes: The genomic location and the structure of a gene is determined by the alignment of its RefSeq sequence(s) and genome contigs. In the current version, human genome Build 34.2, mouse genome Build 30 and NCBI March 2004 release of RefSeq mRNAs were used. If a gene has more than one RefSeq sequence, their alignments to genomes are required to overlap, and their transcriptional orientations are required to be the same. The transcriptional orientation of a gene is determined both by its splicing and poly(A) tail information whenever possible. If a gene does not meet these two criteria, it is discarded.To ensure that only high-quality cDNA/EST data are used, the alignment of a cDNA/EST with the genome is required to overlap with that of its corresponding RefSeq. This resulted in the discarding of 7.8% human and 10.4% mouse cDNA/ESTs that contained poly(A) or poly(T) tails, respectively. The mapping between cDNA/EST and RefSeq was obtained from the UniGene database ([@gki055c18]).Only those cDNA/ESTs with poly(A) tails \[or poly(T) tails if in anti-sense orientation\] are used to infer poly(A) cleavage sites. Poly(A) tails are required to have either eight or more consecutive As; if it has a nucleotide other than A, another eight or more consecutive As after that nucleotide are required. Possible internal priming sites are checked by examining the genomic sequence −10 to +10 nt surrounding the cleavage site. If the sequence has six continuous As or more than seven As in a 10 nt window, it is considered as an internal priming candidate. Poly(A) cleavage sites located within a 24 nt window are considered to be generated from heterogeneous cleavage of mRNA ([@gki055c19]), and thus are clustered together.To further ensure the mapping quality, a genuine polyadenylation site must be either supported by more than one cDNA/EST sequence, or supported by one cDNA/EST alignment together with at least one PAS within the upstream −40 to −1 nt region. An internal priming candidate can be considered as a genuine site if and only if it is supported by more than one cDNA/EST and has an upstream PAS. Data generated from the pipeline, including genomic locations of poly(A) sites, supporting cDNA/ESTs, number of cleavage sites and PAS information are stored in a relational database using MySQL. Also in the database are the ortholog information of genes obtained from HomoloGene database (<http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=homologene>), and the tissue/organ information of ESTs derived from cDNA library files from NCBI. Several key data statistics of the database are summarized in Table [1](#gki055tb1){ref-type="table"}.

Data access and visualization
-----------------------------

Data and documentation are available from the polyA_DB web server at <http://polya.umdnj.edu/polyadb>. Data can be either downloaded as flat files or queried through a web interface where graphics are dynamically generated using Bioperl modules ([@gki055c20]). The web user interface is interactive and provides five basic views:

### Gene view

This view provides a summary of poly(A) site(s) for each queried gene, their positions relative to the RefSeq(s) and the genome contig. The gene structure inferred from the RefSeq(s) and a summary table containing cDNA/EST evidence and number of cleavage sites are also provided. Links for sequence IDs to NCBI resources are provided whenever possible. Figure [2](#gki055f2){ref-type="fig"}A shows a polyA_DB gene view of mouse *TPM2* gene (β-tropomyosin, LocusLink ID: 22004), with two poly(A) sites and their positions, inferred gene structure, start and stop codon positions, number of supporting ESTs and number of sites generated by heterogeneous cleavage.

### Evidence view

This view provides detailed alignment evidence from cDNA/EST sequences, which can be presented by various sorting options including the 3′ or 5′ position, exon number, cDNA/EST length and GenBank ID. A table is also provided, which lists all supporting cDNA/ESTs with links to NCBI (Supplementary Figure 1).

### Ortholog view

This view provides a comparison of a pair of human and mouse orthologs. Figure [2](#gki055f2){ref-type="fig"}B shows an ortholog view of mouse *TPM2* gene and its human ortholog (LocusLink ID: 7169). The ortholog view readily revealed that the ortholog pair is conserved with respect to both their gene structures and polyadenylation configurations.

### Signal view

This view provides information regarding *cis* elements in the surrounding region of a poly(A) site. Currently, we document the PAS motif (AAUAAA and its 11 single-nucleotide variants) ([@gki055c4]) in the 1--40 nt upstream region of a poly(A) site. Figure [2](#gki055f2){ref-type="fig"}B shows signal views of the mouse and human *TPM2* genes, from which the conservation of signal usage of poly(A) sites can be easily discerned.

### Body view

This view provides tissue/organ information for poly(A) sites (Supplementary Figure 2).

CONCLUSIONS
===========

We present polyA_DB database---a resource for mammalian mRNA polyadenylation. This database contains comprehensive information regarding polyadenylation, including poly(A) sites in the context of gene structure, cDNA/EST evidence for poly(A) sites, PASs, conservation of polyadenylation configuration between orthologs and tissue/organ information for poly(A) site usage. We believe polyA_DB will be of great use to researchers studying both the mechanism of polyadenylation and the gene regulation by alterative polyadenylation. PolyA_DB will be continuously updated (i) when new releases of human and mouse genomes and cDNA/EST data are available, and (ii) genome and cDNA/EST data from other species are available for large-scale polyadenylation studies.
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Supplementary Material is available at NAR Online.
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###### 

Views offered at the web interface of polyA_DB. (**A**) Gene view: Mouse gene *TPM2* is used as an example. The output includes a pictorial representation of gene structure and poly(A) sites as well as two summary tables regarding the gene and the poly(A) sites. Numbers under each poly(A) site in the picture are the number of supporting cDNA/ESTs and the number of heterogeneous cleavage sites. (**B**) Ortholog view of human and mouse *TPM2* genes. (**C**) Signal views of mouse and human *TPM2* genes are shown in the upper panel and lower panel, respectively. The position of a signal is relative to the cleavage site, which is set to 0.
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###### PolyA_DB statistics

                                           *Homo sapiens*   *Mus musculus*       Total
  -------------------------------------- ---------------- ---------------- -----------
  Aligned cDNA/ESTs                             2 103 995        1 181 194   3 285 189
  Poly(A) sites                                    29 283           16 282      45 565
  Genes with one poly(A) site                        6418             7577      13 995
  Genes with alternative poly(A) sites               7524             3578      11 102
  Total genes                                      13 942           11 155      25 097
  Orthologous pairs                                  7935             7935        7935
  Tissue types^a^                                     331              155         455
  Organ types^a^                                      107               47         133

^a^It includes diseased tissues and organs. Some tissue and organ types occur in both human and mouse cases.
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